Introduction {#s1}
============

Bile acids (BAs) are the primary end metabolic product of cholesterol, having detergent-like activities and playing important roles in lipid absorption and utilization of lipids. As natural detergents, BAs might disrupt lipid components of cell membranes and advocate oxidative damage. Hence, accumulation of BAs within hepatocytes actually leads to apoptosis or necrosis of hepatocytes, which is principally responsible for cholestatic liver damage.[@b1] Besides, BAs are also natural ligands for several nuclear receptors and membrane receptors, including farnesoid X receptor (FXR), pregnane X receptor (PXR), vitamin D receptor (VDR) and transmembrane G protein coupled receptor 5 (TGR5). BAs are important signaling molecules as well, playing critical roles in regulation of multiple metabolic pathways, including lipid, glucose, drug and energy metabolism. Additionally, BAs play a vital role in gut bacteria homeostasis.

BAs have been considered as important therapeutic targets for treatment of cholestatic and metabolic liver diseases.[@b2] Cholestatic liver diseases are currently associated with impaired bile flow and accumulation of BAs within the liver, resulting in hepatic inflammation and liver injury. Chronic cholestasis increases the risk of hepatocellular carcinoma and cholangiocarcinoma. And, it has been illustrated that FXR and BAs play important roles in both alcoholic liver disease (ALD) and nonalcoholic fatty liver disease (NAFLD).[@b3],[@b4] The emerging therapeutic roles of bile acid signaling in chronic liver diseases are discussed in this review.

Synthesis and transport of BAs {#s2}
==============================

BAs are principal components of the bile, which mainly contains bilirubin, cholesterol, phospholipids, electrolytes, and water. Synthesis, transport and pool size of the BAs are precisely regulated under physiological conditions. As the predominant end product of cholesterol catabolism, synthesis of BAs is a complex process within hepatocytes. A series of the cytochrome P450 subfamily members are involved in the process of BAs production. There are two distinct pathways responsible for primary BAs production.

The classical pathway produces cholic acid (CA) and chenodeoxycholic acid (CDCA), which accounts for approximately 90% of primary BAs synthesis in humans. Cytochrome P450 7A1 (CYP7A1) and cytochrome P450 8B1 (CYP8B1) are the key enzymes in the classical pathway of BAs synthesis. The alternative pathway produces CDCA predominantly, which accounts for about 10% of primary BAs synthesis in humans. In the alternative pathway, cytochrome P450 27A1 (CYP27A1) and cytochrome P450 7B1 (CYP7B1) are responsible for hydroxylation and oxidation of cholesterol. The different contributions of the two pathways determine the internal composition of the BAs.[@b5]

BAs conjugated with glycine or taurine are known as bile salts, which are more hydrophilic, facilitating secretion into the bile. Moreover, bile salts are generally considered to be less toxic. Bile acid:CoA synthase (BACS) and bile acid:amino acid transferase (BAT) are required in this procedure.[@b6] Conjugated BAs are then secreted via the bile salt export pump (BSEP) into the canaliculi. Secreted primary BAs gradually flow through the canaliculi, interlobular bile ducts, left/right hepatic duct, and common hepatic duct, eventually reaching the gallbladder. BAs are currently stored and concentrated in gallbladder. The concentrated bile in gallbladder flows into the intestinal lumen through the major duodenal papilla after food intake.

In the intestine, primary BAs are metabolized by gut bacteria, producing secondary BAs, mainly including deoxycholic acid (DCA), lithocholic acid (LCA) and ursodeoxycholic acid (UDCA). Both primary and secondary BAs comprise the total BAs pool, with a relatively fixed proportion. Alteration of the size and composition of the BAs pool might accelerate pathological processes, such as cholestasis and cholelithiasis.

BAs are amphipathic molecules with detergent-like actions, which are responsible for their roles in facilitating absorption of lipid and lipid-soluble vitamins in the intestine. After their physiological functions are completed in the intestine, the BAs reach the distal ileum, where 95% of BAs are reabsorbed via a sodium-dependent process. The apical sodium-dependent BA transporter (ASBT) expressed in the brush border membrane of the distal ileum is the major transporter mediating the reabsorption of BAs. ASBT mediates the active transfer of BAs across the luminal plasma membrane to the ileal bile acid binding protein (IBABP), which facilitates intracellular diffusion of BAs to the basolateral membrane. The organic solute transporter (OSTα/β) mediates the exit of BAs across the basolateral plasma membrane, and BAs then enter the portal bloodstream.

Circulatory BAs are taken up by the Na+/taurocholate cotransporting polypeptide (NTCP; for conjugated BAs) and organic anion transporting proteins (OATP2s; for the unconjugated BAs) at the basolateral membrane of hepatocytes, and are then exported into the bile by BSEP as well as the canalicular conjugate export pump (MRP2). MRP2 also mediates excretion of bilirubin. The phospholipid export pump (MDR3) mediates excretion of phosphatidylcholine, forming mixed micelles together with BAs and cholesterol in bile.[@b7],[@b8]

This efficient cycle between intestine and liver is known as enterohepatic circulation. It is repeated several times in a day, ensuring 95% of BAs are reabsorbed and returned to the BAs pool, leaving only 5% of the total BAs pool in the intestinal lumen and to be finally excreted in feces. The liver produces approximately 0.2g--0.6g BAs daily, as a supplement for the BAs pool, maintaining bile acid homeostasis. It should be emphasized that the human BAs pool mainly consists of hydrophobic bile acid, including chenodeoxycholic acid (CDCA), cholic acid (CA), and DCA. Approximately 95% of BAs are reabsorbed in the gut and transported back to the liver, whereas most of the LCA is excreted in feces. Only a small portion of LCA circulated to the liver is sulfo-conjugated by sulfotransferase and eventually secreted into bile.[@b9]

Regulation of BAs synthesis and metabolism {#s3}
==========================================

Under physiological circumstances, the synthesis of BAs is precisely regulated by a complicated net of multiple signaling pathways. Regulation of CYP7A1 transcription, the rate-limiting enzyme of BAs synthesis, is the most critical step of several pathways. The enterohepatic circulation of BAs plays a vital role in feedback inhibition of BAs synthesis. Circadian rhythm, food intake, thyroid function, as well as gut microbiota play important roles in regulation of BAs synthesis.

As mentioned above, both CYP7A1 and CYP8B1 are required for the classic pathway of BAs synthesis, which produces the majority of bile acid in humans. CYP7A1 is currently considered to be the rate-limiting enzyme in BAs synthesis. Thus, regulation of CYP7A1 mRNA transcription is considered as a critical step in regulation of BAs synthesis. BAs returning to the liver via enterohepatic circulation could inhibit CYP7A1 transcription. The 3′ untranslated region (3′-UTR) of CYP7A1 mRNA has an extremely short half-life (30 min). It has been elucidated that BAs reduce CYP7A1 mRNA stability and promote degradation of CYP7A1 mRNA via the bile acid response elements located in the 3′-UTR.[@b10] Besides, BAs as well inhibit CYP7A1 mRNA transcription by targeting its 5′ untranslated region (5′-UTR) and inhibit transcriptional activities of the promoter.[@b11],[@b12]

There are two FXR-mediated pathways for bile acid inhibition of CYP7A1 gene transcription. In the liver, BAs bind to FXR and induce expression of small heterodimer partner (SHP). SHP works as a corepressor, inhibiting transcriptional activity of hepatocyte nuclear factor-4α (HNF-4α) and liver-related homologue-1 (LRH-1), which subsequently down-regulate transcription of CYP7A1 and CYP8B1.[@b13] In the intestine, BAs bind to FXR and then induce fibroblast growth factor 15 (FGF15), which is secreted into the portal bloodstream and finally activates the hepatic FGFR4/β-Klotho complex. The activated complex then inhibits CYP7A1 transcription via JNK and ERK1/2MAPK pathways.[@b14],[@b15]

FXR also stimulates bile acid conjugation by up-regulation of BACS/BAT transcription, which greatly affects the composition of the BAs pool. Furthermore, FXR binds to the BSEP gene promoter and induces the expression of BSEP in the canalicular membrane, facilitating bile acid secretion. Thus, it is concluded that FXR is of vital importance in the regulation of BAs synthesis, enterohepatic circulation and internal composition of the BAs pool. Currently, FXR deficiency is known to result in cholestatic diseases.

Food intake, glucose metabolism and circadian rhythms are involved in regulation of BAs synthesis as well. Li *et al.*[@b16] suggested that insulin at physiological concentrations rapidly stimulates CYP7A1 expression, whereas elevated serum insulin level in the insulin resistance state activates the steroid response element binding protein-1c, which inhibits CYP7A1 mRNA transcription. Glucagon and cAMP are thought to inhibit CYP7A1 expression in human hepatocytes via activation of protein kinase A (PKA) and phosphorylation of HNF-4α.[@b17] BAs synthesis increases in the morning despite food intake, due to increased CYP7A1 expression in the morning. The circadian rhythms of CYP7A1 expression might be associated with the orphan nuclear receptor Rev-erbα and the D-site binding protein.[@b18]

The gut microbiota regulates BAs synthesis and metabolism. The gut microbiota is responsible for deconjugating BAs and converting primary BAs into secondary BAs.[@b19] In humans, *Lactobacillus*, *Bifidobacteria*, *Enterobacter*, *Bacteroides*, and *Clostridium* are mainly responsible for BAs metabolism in the gut. It has been suggested that altering the intestinal microbiota evoked by any influencing factors would subsequently alter the composition of intestinal BAs.[@b20] In healthy human beings, cholesterol is primarily catalyzed to CA and CDCA via the classical bile acid synthetic pathway. Bile acid 7α-dehydroxylating bacteria are abundant, maintaining the normal composition of BAs pool.

Bile salts secreted into the small intestine are able to prevent dysbiosis and proinflammatory cytokines release. In cirrhotic patients, up-regulated proinflammatory cytokines' release inhibits CYP7A1 transcription and inhibits the classical pathway. The alternative pathway then becomes the main pathway for BAs synthesis. Patients with hepatic cirrhosis generally have a lower abundance of bacteria with 7α-dehydroxylating activity, and the ratios of DCA/CA and LCA/CDCA significantly decrease. Different contributions of the two distinct BA synthetic pathways and dysbiosis lead to alteration of the BAs pool composition. Whereas, BAs in turn have direct effect on the gut microbiota.[@b21],[@b22]

Thyroid function is another important factor regulating BAs synthesis. Cholestatic changes currently occur in patients with hypothyroidism. It has been confirmed that thyroid hormone reduces proprotein convertase subtilisin/kexin type-9 (PCSK9) and stimulates BAs synthesis in humans.[@b23] Song *et al.*[@b24] suggested that thyroid-stimulating hormone (TSH) represses BAs synthesis via a SREBP-2/HNF-4α/CYP7A1 signaling pathway, independent of thyroid hormones.

Therapeutic roles of BAs signaling in chronic liver diseases {#s4}
============================================================

UDCA and UDCA derivatives {#s4-1}
-------------------------

During the last decades, UDCA has been therapeutically used in a number of cholestatic liver diseases and metabolic liver diseases. UDCA is the most hydrophilic constituent of natural BAs. It is suggested that UDCA conjugates have antiapoptotic and antiinflammatory effects in cholestatic liver diseases and stimulate bile acid secretion. UDCA also stimulates biliary HCO~3~ secretion in hepatocytes and cholangiocytes, leading to stabilization of the 'biliary HCO~3~ umbrella', the integrated line of defense against toxic BAs.[@b25],[@b26]

At present, UDCA is the only drug approved by the US Food and Drug Administration (FDA) for primary biliary cholangitis (PBC). It is reported that UDCA might improve liver functions and delay the progression of PBC.[@b27] Combination of corticosteroids might strengthen the therapeutic efficacy of UDCA and alleviate adverse effects.[@b28] Bosch *et al.*[@b29] suggested that preventive administration of UDCA after liver transplantation for PBC patients reduces risk of recurrence. UDCA, as well, helps improve liver functions but has less benefit in improving prognosis for patients with primary sclerosing cholangitis (PSC).[@b30],[@b31]

Furthermore, UDCA has recently emerged as a promising therapeutic medication for polycystic liver diseases. It has been confirmed that UDCA inhibits hepatic cytogenesis in experimental models of polycystic liver disease and improves symptoms in patients.[@b32],[@b33] However, up to 40% of PBC patients are nonresponders to UDCA therapy, who have poor prognosis despite full-dose UDCA medication. Hence, novel therapeutic approaches are required regarding UDCA nonresponders and the limited efficacy of UDCA in cholestatic disorders other than PBC.

Nor-ursodeoxycholic acid (norUDCA) is a side chain-shortened homologue of UDCA with resistance to amidation, which enables its cholehepatic shunting. Non-amidated norUDCA enables 'ductular targeting' with cholangio-protective effects regarding its antiinflammatory, antilipotoxic, antifibrotic, and antiproliferative effect. NorUDCA, as well, influences lipotoxic fatty acid composition and promotes detoxification and elimination of BAs. It has been confirmed that norUDCA has therapeutic efficacy in diverse cholestatic diseases, including PSC, *S. mansoni* infection-induced liver fibrosis and even bile duct ligation-induced cholemic nephropathy.[@b34],[@b35] It has also been reported that norUDCA significantly improved liver biochemistry, in a dose-dependent manner, in PSC patients during a 12-week treatment and showed less toxicity compared to UDCA.[@b36]--[@b38]

FXR {#s4-2}
---

FXR was first identified in 1995 as an orphan nuclear receptor. It is involved in a variety of physiological processes, including development, differentiation and metabolism. The hydrophobic BAs, as well as farnesol, are natural ligands of FXR. CDCA is the most efficacious endogenous FXR ligand, whereas hydrophilic BAs, such as UDCA and muricholic acids, do not activate FXR. Similar to most nuclear receptors, FXR consists of a transactivating domain (TAD), DNA binding domain (DBD), helix, and ligand binding domain (LBD). Corresponding ligands bind to LBD of FXR, forming a heterodimer with retinoid X receptor (RXR) and accompanied by DNA conformational changes. DBD is then exposed and actually binds to the *cis*-regulatory element located in the targeted gene promoters, regulating transcription of targeted gene.

As noted above, FXR down-regulates CYP7A1 gene transcription via the SHP/HNF-4α/LRH-1 pathway and the FGFR4/β-/JNK/ERK pathway. FXR activation down-regulates NTCP and ASBT transcription, whereas it up-regulates BSEP, BACS/BAT, OSTα/β as well as IBABP transcription. FXR activation also prevents BAs toxicity by up-regulating detoxification enzymes.[@b39] Hence, FXR plays a key role in the regulation of BAs synthesis, excretion, transport and metabolism, and it is a prospective therapeutic target in cholestatic and metabolic liver diseases.

The semisynthetic BA derivative obeticholic acid (OCA) is a selective FXR agonist, which is considered as a prospective therapeutic agent in nonalcoholic steatohepatitis (NASH) and has recently been approved by the FDA.[@b40] It has been confirmed that administration of OCA increases insulin sensitivity, and alleviates liver inflammation and fibrosis in patients with NAFLD.[@b41] Coadministration of a glucagon-like peptide-1 receptor agonist IP118 with OCA might enhance the therapeutic efficacy.[@b42] Besides, it has been demonstrated that OCA might reduce hepatic inflammation and fibrosis in cirrhosis and improve portal hypertension.[@b43],[@b44] A recent study showed that the nonsteroidal FXR agonist PX20606 ameliorates portal hypertension by targeting vascular remodeling and sinusoidal dysfunction.[@b44]

BAR502 is a dual FXR and GPBAR1 agonist, which protects against liver damage caused by high-fat diet by promoting the browning of adipose tissue.[@b45] Another study demonstrates that 3-deoxy-6-ethyl derivative of CDCA (BAR704) might reduce liver fibrosis by interfering with the TGF-β/SMAD3 pathway in hepatic stellate cells. In short, FXR is a prospective therapeutic target and requires further studies in the near future.

PPARα {#s4-3}
-----

Peroxisome proliferator-activated receptor α (PPARα) is a member of peroxisome proliferator-activated receptor subfamily. It was first identified in 1990 and thought to be engaged in multiple physiological processes. PPARα activation shows antiinflammatory effect, due to its transcriptional regulating activities. PPAR activation increases MDR3 expression in the canalicular membrane, which facilitates phosphatidylcholine secretion and protects cholangiocytes against bile acid toxicity. Besides, it inhibits CYP7A1 transcription.[@b46]

Fibrates are PPARα agonists, which are traditionally used in the lipid-lowering therapy. It seems that combination therapy with UDCA and fibrates in PBC patients who are incomplete UDCA responders may improve prognosis.[@b47]--[@b49] It has been recently elucidated that fenofibrate inhibits intrahepatic cholestasis via the PPARα-dependent JNK signaling pathway.[@b50] However, safety and cost-effectiveness of fibrates therapy requires further evaluation.

TGR5 {#s4-4}
----

TGR5 is a G protein--coupled bile acid receptor and plays a key role in the regulation of energy metabolism. It is expressed in cholangiocytes, intestinal epithelial cells, Kupffer cells, as well as in CD14+ monocytes of the peripheral blood. The most potent natural ligands are taurine-conjugated secondary BAs, such as tauro-lithocholate. TGR5 activation stimulates glucagon-like peptide-1 (GLP-1) secretion to improve insulin sensitivity and hepatic metabolism. Activation of TGR5 in biliary epithelial cells promotes chloride and bicarbonate secretion, triggers cell proliferation, and prevents apoptosis. Furthermore, TGR5 activation inhibits expression and secretion of proinflammatory cytokines, which eventually alleviates hepatic and intestinal inflammation.[@b51],[@b52]

It has been suggested that TGR5 activation alleviates hepatic encephalopathy via reducing microglia activation/proliferation and proinflammatory cytokine production.[@b53] INT-777 is a selective TGR5 agonist, exhibiting extensive therapeutic effect in colitis, atherosclerosis, and hepatic steatosis.[@b54] INT-767 is a dual FXR and TGR5 agonist. Rizzo *et al.*[@b55] have demonstrated the therapeutic effect of INT-767 in hepatic steatosis. However, TGR5 activation might also accelerate proliferation and progression of cholangiocarcinoma.[@b56] And, TGR5 activation is responsible for bile acid-induced itch and analgesia.[@b57]

TGR5 is considered as a potential therapeutic target in treatment of cholestasis and metabolic liver diseases; however, further studies are in demand to evaluate long-term therapeutic efficacy and safety.

ASBT {#s4-5}
----

As mentioned above, ASBT is of vital importance in the enterohepatic circulation of BAs and maintaining the bile acid homeostasis. Inhibition of ASBT results in interruption of bile acid re-absorption and BAs pool shrinkage. A recent study demonstrated that volixibat inhibits bile acid reabsorption via inhibiting ASBT located on the luminal surface of the ileum, which subsequently shows benefit in patients with NASH.[@b58] It is suggested that LUM001 (an ASBT inhibitor) reduces the circulating BAs pool via interrupting the reabsorption of BAs, which consequently improves intrahepatic cholestasis.[@b59]

The ASBT inhibitor SC-435 significantly reduces BAs pool size and retention of hydrophobic BAs, attenuates leukocytes recruitment, and alleviates progression of sclerosing cholangitis in animal models.[@b60] Baghdasaryan *et al.*[@b61] suggested that inhibition of intestinal bile acid absorption with A4250, a selective ASBT inhibitor, might improve cholestatic liver injury in sclerosing cholangitis. Besides, BAs have been considered as potential pruritogens in cholestasis. ASBT inhibitors might alleviate pruritus by reducing circulating BAs. In PBC patients with pruritus, it has been demonstrated that the ASBT inhibitor GSK2330672 treatment is effective in alleviating pruritus.[@b62]

Conclusions {#s5}
===========

BAs are natural detergents that play important roles in absorption and utilization of lipid. Accumulation of BAs within hepatocytes actually results in cholestatic liver damage. BAs are important signaling molecules, regulating multiple metabolic pathways, including lipid, glucose, drug and energy metabolism. As such, BAs have been considered as therapeutic targets for treatment of cholestatic and metabolic liver diseases. We have discussed herein the emerging therapeutic roles of bile acid signaling in chronic liver diseases. New therapeutic agents were also discussed and the further investigation required for efficacy and safety evaluations. It is anticipated that bile acid signaling will give birth to more inspiration in the near future.

![Enterohepatic circulation.\
Synthesis of bile acids (BAs) occur within hepatocytes and BAs are secreted into bile via bile salt export pump (BSEP). 95% of the bile acid pool are re-absorbed in intestine. Apical sodium-dependent BA transporter (ASBT) expressed in the brush border membrane of the distal ileum mediates bile acids crossing the luminal plasma membrane into ileocytes. Organic solute transporter (OSTα/β) mediates bile acid exiting across the basolateral plasma membrane into portal bloodstream. Circulatory bile acids are taken up by taurocholate cotransporting polypeptide (NTCP) and organic anion transporting proteins (OATP2) at the basolateral membrane of hepatocytes, and then exported into bile by BSEP.](JCTH-6-425-g001){#f01}

![Feedback regulation of bile acid (BA) synthesis through farnesoid X receptor (FXR).\
Cytochrome P450 7A1 (CYP7A1) is the rate-limiting enzyme of BA synthesis. In the liver, BA binds to FXR to induce expression of small heterodimer partner (SHP), which inhibits transcriptional activity of hepatocyte nuclear factor 4α (HNF-4α) as well as liver-related homologue-1 (LRH-1), and down-regulates CYP7A1 transcription. In the intestine, BA binds to FXR to induce fibroblast growth factor 15 (FGF15), which is secreted into portal bloodstream and finally activates hepatic FGFR4/β-Klotho complex, initiating a regulatory cascade to repress CYP7A1 transcription.](JCTH-6-425-g002){#f02}
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